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Chapter 1 
 
 
Primary structure, localization and binding proteins of 
the C-terminus of amphioxus nebulin 
 3 
1. Abstruct 
Nebulin is a large protein located along the thin filaments of vertebrate 
skeletal muscle. I isolated nebulin cDNA from the striated muscle of 
cepharochordate (invertebrate) amphioxus. Although the sequence homology 
is 26% with the human, the C-terminal of amphioxus nebulin has similar 
structural motifs of 35 amino acid nebulin repeats and an SH3 domain. With 
indirect immunofluorescence analysis by using specific antibody raised to 
the bacteria produced recombinant peptide, I confirm that this nebulin 
fragment is located in the Z-line of the sarcomere similar to human nebulin. 
Pull-down and co-sedimentation assays in vitro showed that the C-terminal 
region binds to actin, α-actinin and connectin (titin). These results suggest 
that the C-terminal region of amphioxus nebulin plays a role in maintaining 
striate muscle structure similar to that of human. This is the first report that 
nebulin is not vertebrate-only protein but chordate protein. 
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2. Introduction 
Nebulin is a large, 773-kDa protein found in vertebrate skeletal muscles 
(Wang, 1982; McElhinny et al., 2003). The primary structure of human 
nebulin consists of a N-terminal glutamic acid-rich domain, followed by 185 
(M1–185) contiguous nebulin repeats of approximately 35 amino acids with a 
central SDXXYK consensus sequence, a serine-rich region and a C-terminal 
Src homology 3 (SH3) domain (Labeit and Kolmerer, 1995). Nebulin repeats 
(M9–162) in the I-band region of the sarcomere consist of sets of 
seven-repeats. These seven-repeats comprise approximately 245 amino-acid 
residues (i.e., 35 amino-acid residues per repeat x 7 repeats) to form a 
super-repeat, there are 22 super-repeats (SR1–22). 
Within the sarcomere, the N-terminal region is localized in the pointed end 
of the thin filaments, the central region along the thin filaments and the 
C-terminal region in the Z-line (Wang and Wright, 1988). Binding assays 
have revealed that each nebulin repeat (SDXXYK) binds to actin (Chen et al., 
1993, Lukoyanova et al., 2002). Furthermore, the nebulin repeat 1–3, repeat 
163–170, repeat 185–SH3 domain and the SH3 domain bind to tropomodulin, 
desmin, connectin (also called titin), and myopalladin and b-actinin (also 
called CapZ), respectively (Bang et al., 2001; Bang et al., 2002; Jin and Wang, 
1991; McElhinny et al., 2001; Witt et al., 2006). 
Existence of nebulin in non-vertebrate has not been reported; however, 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
revealed that bands corresponding to the size of nebulin are present in 
amphioxus striated muscle (Hu et al., 1986; Locker and Wild, 1986). In 1997, 
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Kimura et al. reported that one of several nebulin antibodies reacted with a 
750-kDa protein found in amphioxus striated muscle, and in 1999, Fock and 
Hinssen prepared an antibody against this protein and showed that it was 
located in the I-Z-I region of the sarcomere. However, because these findings 
could have resulted from a nebulin-mimicking epitope or simply from 
cross-immunoreactivity with an SH3 domain protein, this 750-kDa protein 
was not proven to be nebulin. 
In this study, for the first time, I cloned the C-terminal region of the 
750-kDa protein identified in amphioxus striated muscle, examined its 
functional properties and compared it to vertebrate nebulin. 
 
3. Materials and Methods 
3.1. cDNA cloning, sequencing and analysis 
Approximately 500 specimens of adult amphioxus (Branchiostoma 
belcheri) were collected in the Enshu-Nada Sea, Japan (Kubokawa et al., 
1998). Nerve cord and muscle tissues were used to produce a cDNA library 
that was constructed in lambda ZAP II (Stratagene, La Jolla, CA, USA) 
using oligo (dT) primers. The fragments encoding the homologue of nebulin 
were obtained from the cDNA library using an EST-analysis system 
established by the sequencing laboratory in RIKEN, Kobe, Japan (Mineta et 
al., 2003). Three clones containing the nebulin homologues were isolated 
from approximately 7000 clones of the cDNA library. The domains were 
aligned with reference to Labeit and Kolmerer (1995). The sequence analysis 
and homology search were performed using GENETYX-WIN Ver. 4.0.4 
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(Genetyx, Tokyo, Japan). 
 
3.2. SDS-PAGE and immunoblotting 
A piece of freshly excised amphioxus striated muscle was dissolved in 5 
volumes of a solution containing 10% SDS, 40 mM dithiothreitol, 10 mM 
EDTA and 100 mM Tris-HCl (pH 8.0). The solution with the dissolved muscle 
was boiled for 3 min and clarified by centrifugation at 13,500rpm for 10 min. 
The supernatant proteins were separated by SDS-PAGE using 2–6% 
gradient polyacrylamide gels (acrylamide:methylenebisacrylamide, 30:1.5; 
w/w) or 2–15% gradient polyacrylamide gels 
(acrylamide:methylenebisacrylamide, 30:0.8; w/w) (Laemmli, 1970). The 
protein bands were electrically transferred onto a nitrocellulose membrane 
(Towbin et al., 1979) and treated with primary antibody and horseradish 
peroxidase-conjugate anti-rabbit IgG secondary antibody (Code number: 
P-0399, Dako, Carpinteria, CA, USA). 
 
3.3. Antibody production 
The cDNA fragment of amphioxus nebulin (1007–1848 bp of clone 5361) 
was generated by restriction enzyme digestion (SmaI/SalI) and inserted into 
the PvuII/SalI site of the pGEX4T-3 vector (GE Healthcare, Piscataway, NJ, 
USA). Recombinant GST-tagged protein was expressed in Escherichia coli (E. 
coli) XL1 Blue-MRF’ with 3 l of LB + ampicillin culture medium under the 
conditions of OD600 = 0.5, IPTG 0.1mM, 37°C and 3 h. The bacteria were 
harvested by centrifugation (4000rpm, 4°C, 10min), dialysed with 120ml 
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PBS, treated with 80ml sample buffer, boiled for 10min and subjected to 227 
sheets of 10% SDS-PAGE. The bands of recombinant protein were excised 
and the recombinant protein was electrically extracted from the gels into a 
running buffer solution (0.1% SDS, 25mM Tris, 192mM glycine) at 400mA for 
16h. The protein was dialysed with PBS, and GST was deleted using 
thrombin (Sigma-Aldrich Japan, Tokyo, Japan) (1/1000 volume of 
recombinant protein solution) at 22°C for 16h. The solution was added to the 
sample buffer and subjected to 88 sheets of 12.5% SDS-PAGE. The nebulin 
fragment without GST was electrically extracted from the gel, dialyzed with 
PBS, conjugated with an equal volume of Freund’s incomplete adjuvant 
(Difco Laboratories, Detroit, MI, USA) and injected into three times (0.25, 
0.9 and 0.1mg protein) into a rabbit. The antiserum was separated from 
blood by centrifugation. 
 
3.4. Immunofluorescence microscopy 
After skinning the amphioxus specimens and collecting the muscle tissue 
under a stereoscopic microscope, the myofibers were stretched with relaxing 
buffer (50 mM KCl, 10 mM EGTA, 10 mM NaPO4, 3 mM ATP and 0.5% 
Triton X-100; pH 7.5) and fixed with buffer (3.5% formaldehyde, 45 mM KCl, 
9 mM EGTA, 9 mM NaPO4, 2.7 mM ATP and 0.45% Triton X-100; pH 7.5) for 
1 min. The tissue was homogenized five times for 2 s each in phosphate 
buffer saline (PBS) containing 0.5 mM leupeptin using Ultra-turrax T-25 
(IKA-Labortechnik, Staufen, Germany) and then fixed on a glass slide. The 
samples were fixed with 3.7% formaldehyde in PBS for 15min, washed two 
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times with PBS for 5min and blocked with 1% bovine serum albumin(BSA) 
in PBS for 15min. The fixed samples were stained with amphioxus nebulin 
(1:50) and a-actinin A7811 (1:800; Sigma-Aldrich Japan, Tokyo, Japan) 
antibodies for 12h, washed three times with PBS for 10 min and reacted with 
Alexa 488 (1:2500) and Alexa 546 (1:4000) conjugated secondary antibodies 
(Invitrogen, Carlsbad, CA, USA). The samples were then washed three times 
with PBS for 15min, fixed with 3.7% formaldehyde in PBS for 15 min and 
washed with PBS for 15 min. Anti-fador was added to the samples and they 
were covered with a cover glass. Fluorescence was observed with 
fluorescence microscope (Zeiss Axioskop 2 plus; Carl Zeiss, Oberkochen, 
Germany). 
 
3.5. Protein preparation 
The cDNA fragments of amphioxus nebulin repeats 3–9 (AN3–9) and the 
unique region of the SH3 domain (U–SH3) generated by restriction enzyme 
digestion were cloned into the pGEX6P series (GE Healthcare, Piscataway, 
NJ, USA). The recombinant proteins tagged with GST were expressed in E. 
coli BL21 (DE3) pLysS in 250ml LB containing ampicillin. The conditions 
were OD600 = 0.5, IPTG 0.5 mM, 37°C and 3 h. The bacteria were harvested 
by centrifugation (3000rpm, 4°C, 10min). The bacteria with the GST-fusion 
proteins were dissolved in PBS (140 mM NaCl, 10 mM Na2HPO4, 2.7 mM 
KCl and 1.8 mM KH2PO4; pH7.3), frozen at –80°C for 20 min, sonicated at 
output 2 for 1min (TOMY UD-200; Tomy Seiko, Tokyo, Japan) and 
centrifuged at 13,000rpm for 30min at 4°C. The supernatant was loaded onto 
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a 2ml glutathione Sepharose 4B column (GE Healthcare, Piscataway, NJ, 
USA), washed with PBS and eluted with 10mM glutathione (reduced) in 50 
mM Tris-HCl (pH 8.0). For the co-sedimentation assay, GST was deleted 
from GST–AN3–9 on a column using PreScission Protease (GE Healthcare, 
Piscataway, NJ, USA) with buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA 
and 1 mM DTT; pH7.0) at 4°C for 12 h. Actin was prepared from acetone 
powder of rabbit skeletal muscle using the protocol described by Spudich and 
Watt (1971). G-actin was polymerized in 0.1 M KCl. a-Actinin was prepared 
from rabbit skeletal muscle by the method of Goll et al. (1972). Connectin 
was prepared according to Kimura et al. (1992). 
 
3.6. Far-western blot assay 
GST-fusion proteins mixed with GST, and the bacteria with the His-tag 
proteins were dissolved in SDS sample buffer, subjected to SDS-PAGE and 
transferred onto a nitrocellulose membrane. The membranes were blocked 
with 20 mg/ml BSA in buffer (80 mM KCl, 2mM MgCl2, 10 mM Hepes, 1 mM 
DTT and 2% Triton X-100, pH 7.3, for α-actinin or connectin) or 0.5% casein 
in buffer (2 mM Tris, 0.01% NaN3, 0.1 mM CaCl2 and 100 mM KCl, pH8.0, 
for F-actin) at 25°C for 1 h. The membranes were incubated with F-actin (0.3 
mg/ml), α-actinin (10 µg/ml) or connectin (80 µg/ml) in each buffer at 25°C for 
1.5 h. After washing two times with TBS for 10 min, binding was detected 
with anti-actin (Sigma A4700; Sigma-Aldrich Japan), anti α-actinin (Sigma 
A7811; Sigma-Aldrich Japan) or anti-connectin (Pc1200) (Kimura et al., 
1992) antibody. 
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3.7. Yeast two hybrid assay 
The cDNA fragments coding the repeat sequence 1–9 of amphioxus nebulin 
or each of the regions of the chicken a-actinin 2 were generated by restriction 
enzyme digestion and inserted into pGBT9 or pGAD424 vector (Clontech 
Labratories, Palo Alto, CA, USA). The nebulin clone was co-transformed with 
the a-actinin clones into Saccharomyces cerevisiae Y170. The transformants 
grown on –Leu, –Trp plates were transferred on to a nitrocellulose 
membrane and their b-galactosidase activity was examined. 
 
3.8. Co-sedimentation assay 
F-actin (2.5 mM) or BSA(5 mM) was mixed with AN3–9 (12.5 mM) in 500 ml 
buffer (2 mM Tris, 0.1 mM CaCl2, 0.1M KCl and 0.01% NaN3; pH 8.0) at 25°C 
for 1 h. The mixture was centrifuged (13,000 rpm, 4°C, 30 min), and the 
supernatant and pellet were diluted with SDS sample buffer and subjected 
to SDS-PAGE. 
 
3.9. GST pull down assay 
GST–AN3–9 (2mg for a-actinin pull down) or GST–U–SH3 (2mg for 
connectin pull-down) were bound to 20 ml glutathione Sepharose 4B beads 
according to the manufacture’s method. The beads were washed two times 
with 150ml buffer (80 mM KCl, 2 mM MgCl2, 10 mM HEPES, 1 mM DTT and 
2% TritonX-100; pH7.3), and bound with a-actinin (4 mg, 20 ml) or connectin 
(5 mg, 150 ml) in buffer at 4°C for 1h. They were washed four times with 150 
ml buffer, dissolved in 20 ml SDS sample buffer, and subjected to SDS-PAGE. 
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The gels were stained with Coomassie Brilliant Blue. 
 
4. Results 
4.1. Primary structure of amphioxus nebulin C-terminus 
Three clones were obtained from a mixed cDNA library of amphioxus 
muscle tissues and nerve cord. Sequencing revealed a 2527-bp sequence 
containing a poly-A tail and a stop codon, suggesting that it contains the 
C-terminal region of the protein (DDBJ accession no. AB244086). The 
amphioxus sequence contains 13 nebulin repeats and an SH3 domain with 
unique regions between these modules (Fig. 1A). 
Amphioxus nebulin repeats were assigned the numbers Neb-1–13 for 
descriptive purposes. The consensus sequence observed in each nebulin 
repeat was a PEXXRXKXVXKIQ motif in the N-terminal region and a 
GKXYTXVXDT/D motif in the C-terminal region, as well as a SE and a Y in 
the SEXXYX-motif (Fig. 1B,C). P1, E2, R5 and K7 in the N-terminal and S14 
and Y18 in the SEXXYX motif of the amphioxus nebulin repeats correspond 
to the human C-terminal nebulin repeats (M172–185) (Fig. 1C). The 
SSVLYKEN-box, which is present in human M174–181, was not found in the 
amphioxus nebulin repeats. 
 
4.2. Comparison between amphioxus and vertebrate nebulins 
The amphioxus nebulin repeats shared an approximately 26% homology 
with human C-terminal nebulin repeats. I predicted the secondary structure 
of the amphioxus nebulin repeat region using the Multivariate Linear 
 12 
Regression Combiner secondary structure prediction program 
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_mlrc.ht
ml). The secondary structure was composed of 48% a-helix, 0% b-structure 
and 47% random coil. The composition was similar to that of the secondary 
structure of the C-terminal region of the human nebulin repeat (41% a-helix, 
0% b-structure and 52% random coil) predicted using the same program. 
Calculation of the isoelectric points (pIs) based on the amphioxus C-terminal 
amino acid sequence revealed pIs of 5.6 and 7.1–10.8 (total pI=9.9) for Neb-1 
and Neb-2–13, respectively indicating that the pIs of the amphioxus nebulin 
repeats are in accordance with those of the human nebulin repeats (pI = 5.6 
for M172 and pI = 10.0 for M173–185) (Labeit and Kolmerer, 1995) (Fig. 2). 
The PGSIFDYEP of the last nebulin repeat (Neb-13) in amphioxus (Fig. 
1B) is conserved across species, and corresponds to the last human nebulin 
repeat M185 (X83957) (Labeit and Kolmerer, 1995), chicken nebulin repeat 
M65 (AB024330) (Suzuki et al., 2000), the zebrafish nebulin-like protein 
(AL974314) and the nebulin-like protein (nebulette) of vertebrate cardiac 
muscle (Y16350) (Millevoi et al., 1998; Moncman and Wang, 1995). 
Furthermore, when I compared the C-terminal SH3 domain of amphioxus 
nebulin to human (X83957), chicken (AB024330) and zebrafish (AL974314), I 
observed a high homology (approximately 65%) with human nebulin (Fig. 2), 
revealing that the amino acid sequence of the SH3 domain was well 
conserved across species. However, two unique regions, which are between 
Neb-12 and Neb-13 and between Neb-13 and the SH3 domain, showed no 
homology with any region of the human nebulin (Fig. 2). 
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The domain structure, secondary structure and the pIs of the C-terminal 
region of amphioxus nebulin are similar to those of vertebrate nebulin. 
 
4.3. Localization of the amphioxus nebulin C-terminal region in the 
sarcomere 
To confirm that the cDNA was from amphioxus nebulin and to localize the 
C-terminal region within the sarcomere, I prepared an antibody (PcAmpN) 
using the recombinant protein from Neb 10 to the former half of the unique 
region as an antigen (Figs. 1A, 3A). Immunoblot analysis showed that the 
antibody reacted only with the 750-kDa band and not with other proteins 
such as nebulette (107 kDa) (Fig. 3B,C). This confirmed the sequence to be 
that of amphioxus nebulin cDNA. 
Double immunostaining of amphioxus myofibrils with PcAmpN and an 
a-actinin monoclonal antibody revealed that the C-terminal region of 
amphioxus nebulin is localized to the Z-line of the sarcomere and co-localizes 
with a-actinin (Fig. 4). 
 
4.4. Binding of amphioxus nebulin to F-actin, a-actinin and connectin 
It is known that vertebrate nebulin is localized along thin filaments and 
the nebulin repeats binds to actin. To clarify whether amphioxus nebulin 
repeats bind to actin, I examined the binding of nebulin repeats 3–9 to 
F-actin by far-western blot analysis and a co-sedimentation assay. The 
far-western blot analysis showed that F-actin binds to the amphioxus 
nebulin repeats, similar to human nebulin repeats (Fig. 5A). Furthermore, 
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the results of the co-sedimentation assay showed that F-actin alone did not 
precipitate after centrifugation at 13,000 rpm for 30 min, however, F-actin 
co-precipitated with the nebulin repeats, indicating that amphioxus nebulin 
repeats bind to F-actin (Fig. 5B). 
Next, I examined binding of the amphioxus nebulin repeats with purified 
a-actinin by far-western blot analysis, a yeast two-hybrid assay and a GST 
pull-down assay. The results of the far-western blot analysis showed that 
a-actinin bind to nebulin repeats 3-9 (Fig. 6A). I also created cDNA 
fragments encoding each region of a-actinin 2 in the striated muscles, and 
examined their binding ability to repeats 1–9 of amphioxus nebulin using the 
yeast two-hybrid system. The 343–804 amino-acid fragments of a-actinin 
showed b-galactosidase activity, while the fragments without this region did 
not (Fig. 6B), demonstrating the direct binding of 343–804 amino-acid 
fragments of a-actinin to amphioxus nebulin. Furthermore, the results of the 
GST pull-down assay showed that a-actinin precipitated when added to the 
GST-fusion protein with nebulin repeats 3–9 (lane 5 in Fig. 6C), but not 
when it was added only to GST (lane 6 in Fig. 6C). The results of a control 
experiment showed that amphioxus nebulin repeats 3–9 do not bind to BSA 
(Fig. 6D). 
I examined binding of the SH3 domain from the unique region (U–SH3) in 
amphioxus nebulin with purified rabbit connectin by far-western blot 
analysis and a pull-down assay. The results of the far-western blot analysis 
showed that connectin binds to the U–SH3 domain (Fig. 7A). Furthermore, 
the result of the GST pull-down assay revealed that connectin binds to the 
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U–SH3 domain of amphioxus nebulin, but not to GST alone (Fig. 7B). 
 
5. Discussion 
The present study elucidated the primary structure, localization and 
binding proteins of the C-terminal region of amphioxus nebulin. These 
results confirm earlier findings that nebulin is expressed in amphioxus and 
suggest that it plays a role similar to that of vertebrate nebulin. 
In human nebulin, repeats M167–172 are negatively charged and repeats 
M173–185 are positively charged under physiological conditions. Similarly, 
in amphioxus nebulin, Neb-1 is negatively charged and Neb-2–13 is 
positively charged. Thus, the charge transition is conserved between human 
and amphioxus nebulins. Although the function of the charge transition 
region is unknown, its localization within or around the Z-line suggests that 
it is involved in the formation and structural maintenance of the Z-line. 
a-Actinin is the main component of the Z-line of the sarcomere, and is also 
the location of the N-terminus of connectin (titin) (Tskhovrebova and Trinick, 
2003). I showed that amphioxus nebulin bind to a-actinin and connectin 
(titin) and that the C-terminal region of amphioxus nebulin is localized in 
the Z-line of the sarcomere (Fig. 4). These results suggest that amphioxus 
nebulin maintains the structure of the Z line by binding to a-actinin and 
connectin, similar to the C-terminal region of human nebulin. 
I predicted that the secondary structure of the amphioxus nebulin repeat 
region was 48% a-helix and 0% b-structure. The secondary structure was 
similar to that of the C-terminal region of the human nebulin repeat. This is 
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because both amphioxus and human nebulins have the consensus sequences 
PEXXRXK at the N terminal, SXXXYX in the middle and GKXXTXXXXT at 
the C-terminal of each repeat. As a result, amphioxus nebulin functions 
similar to human nebulin, even though there is only a 26% homology at the 
sequence level. Because the helical part of the protein can present the 
conserved surface and interact to other proteins (McLachlan and Karn, 
1982). 
The thin filaments in the striated muscle of arthropods and molluscs do 
not have a uniform length of 1 mm as in vertebrate skeletal muscle, whereas 
the thin filaments of amphioxus striated muscle have a uniform length of 1 
mm (Hagiwara et al., 1971). Although amphioxus is not a vertebrate and is 
the phylogenetically lowest chordate, its nebulin has a similar function to 
vertebrate nebulin, which might explain the uniform 1 μm size of the thin 
filaments in amphioxus striated muscle. Taken together with my result of 
the interaction of amphioxus nebulin with actin, a-actinin and connectin, the 
thin filaments in amphioxus striated muscle might be maintained in a 
manner identical or similar to that in the thin filaments of vertebrate 
skeletal muscle. 
The existence of nebulin protein have not be seen in invertebrate without 
amohioxus. In fact, nebulin gene cannot be seen in Drosophila melanogaster, 
Caenorhabditis elegans and Strongylocentrotus purpuratus genome. 
However urochordate ciona, which is evolved from cepharochordate, have 
nebulin gene in its genome. These insights indicate chordate (vertebrate, 
urochordate and cepharochordate) have nebulin but the other creatures don’t 
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have nebulin. 
 
6. Conclusion 
Invertebrate amphioxus have nebulin and its structure and functions are 
similar to human nebulin. These insights show that nebulin is not 
vertebrate-only protein but chordate protein. Detailed elucidation of the 
differences of thin filaments between chordate and non-chordate will lead to 
a better understanding of the nebulin function such as length regulator of 
the thin filaments. 
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Fig 1. Domain structures and primary structure of the nebulin C-terminal region in 
amphioxus striated muscle cDNA. Domain structures (A) and amino acid sequence 
(B) of amphioxus nebulin, and consensus sequences of amphioxus and human 
nebulin (C). Fine bar, size of each clone. Bold bar, Pc AmpN antigen. 
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Fig 2. Comparison of the C-terminal region between amphioxus and human 
nebulins. The domain structure and isoelectric point (pI) are presented according to 
Labeit and Kolmerer (1995), and the I-Z border is presented according to Millevoi et 
al. (1998). Amphioxus striated muscle nebulin, Amphioxus; Human skeletal muscle 
nebulin, Human. 
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Fig 3. SDS-PAGE and immunoblot detection of amphioxus striated muscle. Antigen 
for amphioxus nebulin (A). Molecular size marker, lane M; Pc AmpN antigen (bold 
bar of Fig. 1A), lane 1. Immunoblot detection of amphioxus striated muscle using Pc 
AmpN (B, C). Electrophoresis was performed on 2–6% (B) or 2–15% (C) 
polyacrylamide gradient gels. Molecular size marker, lane M; amido black stains, 
lane 1; immunoblot detection by Pc AmpN, lane 2. Connectin, C; Nebulin, N; Myosin 
heavy chain, MHC. 
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Fig. 4. Immunofluorescence microscopic observations of amphioxus striated muscle 
sarcomeres using Pc AmpN (B) and Mc a-actinin (C). Phase-contrast image (A) and 
merged image of Pc AmpN and Mc a-actinin (D). Arrow head, Z line. Bar, 10 mm. 
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Fig. 5. Binding of amphioxus nebulin and F-actin. (A) Binding of amphioxus nebulin 
and F-actin by far-western blotting. 1, Molecular weight marker; 2, Amido black of 
(AN3-9 + GST); 3, + F-actin, treated with actin antibody; 4, – F-actin, treated with 
actin antibody (negative control of 3). (B) Binding of amphioxus nebulin and F-actin 
by co-sedimentation. Actin only, Actin; amphioxus nebulin repeats 3–9 dissolved in 
GST, AN3–9; amphioxus nebulin repeats 3–9 + actin, AN3–9 + Actin; amphioxus 
nebulin repeats 3–9 + BSA, AN3–9 + BSA. Before centrifugation, W; supernatant 
after centrifugation, S; pellet after centrifugation, P. Electrophoresis was performed 
on a 12.5% polyacrylamide gel. 
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Fig. 6. Binding of amphioxus nebulin and a-actinin. (A) Binding of amphioxus 
nebulin C-terminal region and a-actinin by far-western blotting. 1, treated with 
polyhistidine antibody; 2, treated with a-actinin antibody. U, unique region; SH3, 
SH3 domain. (B) Binding of amphioxus nebulin and a-actinin by the yeast 
two-hybrid system. a-act, Domain structure of a-actinin; CH, calponin homology 
domain; SPEC, spectrin repeat; EF, EF hand. +, b-Gal (b-Galactosidase) positive; –, 
b-Gal negative. (C) Binding of amphioxus nebulin and a-actinin by GST pull-down 
assay. 1, Molecular size marker; 2, a-actinin used for the pull-down assay; lane3-6, 
after the pull-down assay.; 3, GST fusion protein for amphioxus nebulin repeats 
3–9–a-actinin; 4, GST only–a-actinin; 5, GST fusion protein for amphioxus nebulin 
repeats 3–9+a-actinin; 6, GST only+a-actinin; GST–AN3–9, GST fusion protein for 
amphioxus nebulin repeats 3–9. Electrophoresis was performed on a 10% 
polyacrylamide gel. (D) Binding of amphioxus nebulin repeats 3−9 and BSA as a 
control for binding of nebulin repeats 3−9 and α-actinin, by a GST pull-down assay. 
1, Molecular size marker; 2, BSA used for pull-down assay; lane3 and 4, after 
pull-down assay; 3, GST fusion protein for amphioxus nebulin repeats 3−9 + BSA; 4, 
GST fusion protein for amphioxus nebulin repeats 3−9 − BSA; GST−AN3−9, the 
GST fusion protein for amphioxus nebulin repeats 3−9. Electrophoresis was 
performed on a 10% polyacrylamide gel. 
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Fig. 7. Binding of amphioxus nebulin and connectin. (A) Binding of amphioxus 
nebulin and connectin by far-western blotting. 1, Molecular weight marker; 2, 
Amido black of (U–SH3 + GST); 3, + connectin, treated with connectin antibody; 4, – 
connectin, treated with connectin antibody (negative control of 3). U, unique region; 
SH3, SH3 domain. (B) Binding of amphioxus nebulin and connectin by GST 
pull-down assay. 1, Molecular size marker; 2, rabbit skeletal muscle; 3, connectin 
used for the pull-down assay; lane4-7, after the pull-down assay; 4, GST–U–SH3 – 
connectin; 5, GST only–connectin; 6, GST–U–SH3+connectin; 7, GST 
only+connectin; GST-U–SH3, GST fusion protein for amphioxus nebulin U–SH3 
region. Electrophoresis was performed on a 2–15% polyacrylamide gel. 
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Chapter 2 
 
 
Structure of the amphioxus nebulin gene and evolution of 
the nebulin family genes 
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1. Abstruct 
Nebulin family genes are believed to have diverged from a single gene 
during the evolution of vertebrates. I determined the structure of the 
amphioxus nebulin gene and showed that in addition to the features of the 
human nebulin gene, this gene had a LIM domain, secondary super repeats 
and a giant exon with 98 nebulin repeats containing unique sequences. A 
transcript of this gene amplified by reverse transcriptase-polymerase chain 
reaction had an LIM domain, three nebulin repeats and an SH3 domain. 
This transcript was similar to an isoform of human nebulette (Lasp-2). 
Phylogenetic analysis using the LIM and SH3 domains of the nebulin family 
proteins showed that amphioxus nebulin is located outside the vertebrate 
nebulin family group in the phylogenetic tree. These results indicated that 
the amphioxus nebulin gene had a unified structure among nebulin, 
nebulette, lasp-1 and N-RAP of vertebrates, and that these nebulin family 
genes diverged from the amphioxus nebulin gene during the course of 
vertebrate evolution. 
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2. Introduction 
The nebulin family of proteins includes Nebulin, Nebulette, N-RAP and 
Lasp-1 actin binding proteins, which are characterized by nebulin repeats. 
Nebulin is a large protein (molecular mass: 773 kDa) found on the thin 
filaments of vertebrate skeletal muscles (Wang, 1982; McElhinny et al., 
2003). The primary structure of human nebulin is an N-terminal glutamic 
acid-rich domain, followed by 185 (M1–185) contiguous nebulin repeats of 
approximately 35 amino acids with a central SDXXYK consensus sequence, a 
C-terminal serine-rich region and an Src homology 3 (SH3) domain. Nebulin 
repeats (M9–162) in the I-band region of the sarcomere comprise 22 sets of 
seven-repeats, called super repeats (SR1-22) (Labeit and Kolmerer, 1995). 
The gene for the production of human nebulin is located in chromosome 
2q21-22 and is composed of 183 exons spanning 249 kb of the genome 
sequence, an area that contains 29 equivalent super repeats (Donner et al. 
2004). 
Nebulette is a 107 kDa protein located in the Z-line of cardiac muscle 
(Moncman and Wang. 1995). The primary structure of human nebulette is a 
N-terminus glutamate acid-rich domain, followed by 23 nebulin repeats, a 
C-terminal ser-rich region and an SH3 domain (Millevoi et al. 1998). A 
34-kDa splicing isoform of nebulette is Lasp-2 (LIM-nebulette), observed in 
various tissues and has an N-terminus LIM domain, followed by 3 nebulin 
repeats, a C-terminus ser-rich region and an SH3 domain (Katoh and Katoh. 
2003; Terasaki et al. 2004; Li et al. 2004). The gene producing human 
nebulette is located in chromosome 10p12 and spans 393 kb—an area 
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containing 28 exons (exon 1–28) for nebulette protein (Arimura et al. 2000) 
and four additional 5’ exons  (1a-4a) only expressed in Lasp-2 protein 
(Katoh and Katoh. 2003). Lasp-2 is coded by exons 1a–4a, 24, 27 and 28. 
N-RAP is a 196 kDa protein that has been reported in striated muscles 
(Luo et al. 1997). The N-terminus of human N-RAP is a LIM domain, and is 
followed by 11 nebulin repeats and 5 super repeats (35 nebulin repeats). The 
gene responsible for the production of human N-RAP is located in 
chromosome 10q25.3 and spans 75 kb, an area that contains 42 exons 
(Mohiddin et al. 2003). 
Lasp-1 is a 38 kDa protein (Tomasetto et al. 1995) that is highly expressed 
within epithelial and brain tissues. It consists of an N-terminus LIM domain, 
followed by two nebulin repeats, a C-terminal unique region and an SH3 
domain. The gene encoding human Lasp-1 production is located in 
chromosome 17q12-21 and spans 52 kb. 
The genes of the above four proteins are believed to have diverged from a 
single gene by gene duplication during vertebrate evolution. In order to 
explore this hypothesis thoroughly, it was deemed necessary to find a gene 
that was common to the nebulin family in amphioxus, a cephalochordate (i.e., 
an invertebrate chordate), and the nearest ancestor to the vertebrates. In 
chapter 1, I demonstrated the existence of amphioxus nebulin by revealing 
its C-terminal primary structure, localization and binding protein. In 
chapter 2, I reveal the structure of the amphioxus nebulin gene and analyze 
the hypothesis that the nebulin family arose from a single gene. 
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3. Materials and Methods 
3.1. Genome analysis 
The scaffold coding amphioxus nebulin gene was obtained from the 
Branchiostoma floridae genome assembly release v2.0 (Putnam et al. 2008) 
on the JGI portal site (http://genome.jgi-psf.org/Brafl1/Brafl1.home.html) by 
BLAST search using the sequence of the SH3 domain of the amphioxus 
(Branchiostoma belcheri) nebulin (Chapter 1). The complementary sequence 
of No. 205 in 398 connected sets of allelic scaffolds was identified (amino acid 
homology 98%), and translated to 3 frame amino acids. The exons were 
visually determined referred to the C-terminus sequence of amphioxus 
nebulin (Chapter 1), an EST sequence of B. floridae (BW805004) and the 
sequence of human nebulin (Labeit and Kolmerer. 1995). The connecting 
error of the No. 205 set was proofed by comparison with scaffold 169 of the B. 
floridae v1.0 assembly. 
 
3.2. Reverse transcriptase-polymerase chain reaction (RT-PCR) and 
sequence 
Collection of amphioxus, isolation of RNA and construction of the first 
strand of cDNA by reverse transcription (RT) were performed by Mizuta and 
Kubokawa (2007). PCR reactions were performed using a forward primer 
(cgcggatccATGAATCCGAAGTGTGCACG; BamHI site plus N-terminus of 
LIM domain) and a reverse primer 
(cgcgaattcCGACATGGGCTCCACGTAGT; EcoRI site plus C-terminus of SH3 
domain) with a condition schedule of 1 min at 95°C, followed by 30 s at 95°C, 
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30 s at 50°C and 1 min at 72°C for 25 cycles, followed by 3 min at 72°C; the 
product obtained was stored at 4°C. Sequences were analyzed using an ABI 
PRISM 310 sequencer (Applied Biosystems, Foster City, CA, USA). 
 
3.3. Phylogenetic analysis 
The amino acid sequences of the LIM and SH3 domains were aligned in 
various species and proteins and 1000 bootstrap values were calculated 
using the CLUSTALW algorithm (Thompson et al. 1994). Phylogenetic trees 
were visualized using TreeView (Page, 1996). 
 
4. Results 
4.1. The structure of the amphioxus nebulin gene 
Using the amino acid sequence of the SH3 domain of amphioxus nebulin 
(Chapter 1), I searched for an amphioxus nebulin gene in the B. floridae v2.0 
genome assembly (Putnam et al. 2008) and identified a complementary 
sequence of No. 205 in 398 connected sets of allelic scaffolds encoding 
nebulin genes. The exons encoding nebulin repeats were visually determined 
with reference to human nebulin sequences (Labeit and Kolmerer, 1995), 
whereas the exons encoding the unique sequence of the amphioxus nebulin 
C-terminus and the SH3 domain were searched using homology with the 
C-terminal sequence of amphioxus nebulin (Chapter 1). Furthermore, exons 
encoding the N-terminal LIM domain and unique sequences were searched 
based on homology with the EST sequence(BW805004). 
The predicted amphioxus nebulin gene comprised 208 kb with 283 exons 
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(Fig. 1), and was smaller and had more exons than the human nebulin gene 
(249 kb with 183 exons). The size range of the exons were very various from 
18 b (exon 277) to 15 kb (exon 260). 
All exons were connected and aligned (Fig.2), and exons 1 and 2, encoding 
the LIM domain, were not observed in the human nebulin gene. These exons 
were separated by 24.7 kb from the other exons. 
Exon 3–269 encoded nebulin repeats, while in exon 9–245, nebulin super 
repeats were observed, including those super repeats observed in human 
nebulin. However, the amphioxus nebulin gene has 2 sets of similar super 
repeats, one containing 21 super repeats (SR01–21) and the other containing 
20 super repeats (SR22–41). These sets were different from those in the 
human nebulin gene, which has one set of 22 super repeats. Each set of super 
repeats had amino acids that were highly conserved. In particular, repeat 2 
among the super repeats was more similar than other repeats within the 
super repeats. Furthermore, the WLKGIGW motif observed in the super 
repeat sequences of human nebulin was not observed in that of amphioxus 
nebulin. 
Exon 260 is a large exon with 98 nebulin repeats containing unique 
sequences at the N- and C-terminus, which show no similarities to other 
proteins in the database (Fig. 3). This exon is located between the exons that 
encode Neb04/05 and Neb05/06, and is not observed at the C-terminus 
sequence of either amphioxus (Chapter 1) or human nebulin. Expression of 
the C-terminus of this exon was observed in the neurula stage EST clones of 
B. floridae (DDBJ accession BW855343; underlined in Fig. 3). 
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Exons 266–267 were two additional nebulin repeats that could not be 
observed in the sequence of the amphioxus nebulin C-terminus 
(Neb00/01–Neb11/12) (Chapter 1). The C-terminus of human nebulin has a 
splicing isoform region called a ‘hot spot’, but the C-terminus of amphioxus 
nebulin has few alternatively spliced exons compared to that of human 
nebulin. Exon 270–282 encoded unique sequences and exon 283 encoded the 
SH3 domain. While exons 271–283 are expressed in amphioxus nebulin 
(Chapter 1), exon 270 is not. 
These results indicate that the amphioxus nebulin gene has exons 
encoding a LIM domain, a set of secondary super repeats and 98 nebulin 
repeats containing unique sequences, in addition to having exons that are 
present in the human nebulin gene. 
 
4.2. A small transcript from the amphioxus nebulin gene 
In order to search for a transcript that had an LIM domain in the 
amphioxus nebulin gene that was not observed in human nebulin, I 
performed RT-PCR using amphioxus (B. belcheri) total RNA and primers 
that encoded the N-terminus of the LIM domain as well as the C-terminus of 
the SH3 domain. A transcript was identified (Fig. 4A) that had an LIM 
domain and a unique sequence at the N-terminus, three nebulin repeats and 
a unique sequence and an SH3 domain at the C-terminus (Fig. 4B). This 
sequence was encoded by exons 1, 2, 3, 258, 269, 270, 282 and 283 (Fig. 1). In 
particular, exons 258, 269, 282 and 283 were visible on the C-terminus of 
amphioxus nebulin (Chapter 1), but exon 270 was not. Domain structures 
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and splicing pathways observed in this transcript were not observed in 
human nebulin. Instead, they were similar to human Lasp-2, which is a 
splicing isoform of nebulette (Li et al. 2004; Terasaki et al. 2004) (Fig. 4C). 
These results indicate that the nebulette gene is merged with the nebulin 
gene in amphioxus. 
 
4.3. The evolution of vertebrate nebulin family genes from the amphioxus 
nebulin gene 
The results show that the amphioxus nebulin gene has many sequences in 
addition to those observed in human nebulin, and that a small transcript 
from the amphioxus nebulin gene is similar to the Lasp-2 isoform of human 
nebulette. Therefore, I investigated the possibility that vertebrate nebulin 
family genes diverged from an amphioxus nebulin gene. 
Molecular phylogenetic analysis using amino acid sequences of the SH3 
domains in nebulin, nebulette and Lasp-1 showed that each vertebrate 
protein, from fish to human, formed its own specific group (i.e., a vertebrate 
nebulin group, a vertebrate nebulette group and a vertebrate Lasp-1 group), 
and that each group formed a vertebrate super-group (Fig. 5A). Furthermore, 
the analysis showed that Ciona nebulin (urochordate) and amphioxus 
nebulin (cephalochordate) were located outside of the vertebrate 
super-group. 
Similar analysis using amino acid sequences of LIM domains in nebulette, 
Lasp-1 and N-RAP showed that each protein of vertebrate formed one group, 
and that amphioxus nebulin was located outside the vertebrate group (Fig. 
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5B). 
These results indicate that the genes of vertebrate nebulin, nebulette, 
Lasp-1 and N-RAP diverged from an amphioxus nebulin gene. 
 
5. Discussion 
In this study, I have determined the structure of the amphioxus nebulin 
gene and have shown that this gene has exons encoding the LIM domain, 
secondary super repeats and 98 nebulin repeats containing unique 
sequences, in addition to having exons similar to those of the human nebulin 
gene. I have also identified a small isoform from this amphioxus nebulin 
gene and have shown that the isoform is similar to the Lasp-2 isoform of 
human nebulette. Furthermore, I have revealed the evolution of nebulin 
family proteins from the amphioxus nebulin gene. 
 
5.1. LIM domain 
The presence of the exons encoding an LIM domain in the amphioxus 
nebulin gene has been demonstrated and I have also demonstrated the 
expression of these exons in a small isoform. These results indicate that in 
amphioxus, the nebulette gene is the same as the nebulin gene. However, 
this insight did not lead to the conclusion that the N-terminus of amphioxus 
nebulin is an LIM domain. In fact, the exon encoding the LIM domain is 24.7 
kb away from other exons. Among exons, this is a relatively long distance 
and a similar great amount of separation is only observed in a small isoform 
of human nebulette, (Lasp-2; 152.2 kb away from other exons). Instead of an 
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LIM domain, nebulette has a unique sequence at the N-terminus. This 
indicates that nebulette does not require an LIM domain, even if the exons at 
the N-terminus of the gene encode an LIM domain. I performed an analysis 
of the N-terminal amino acids within the amphioxus nebulin protein, using a 
750-kDa band transferred onto a polyvinylidene fluoride membrane; however, 
I could not determine the sequence of amphioxus nebulin due to the high 
molecular weight of nebulin (data not shown). Thus, the determination of the 
N-terminal sequence of amphioxus nebulin is a future task. 
 
5.2. Super repeats 
My data show that the amphioxus nebulin gene has two super repeat 
groups: one contains 21 super repeats and the other contains 20 super 
repeats. In human nebulin, there are 29 super repeats (Donner et al. 2004). 
Twenty-two of those are expressed in skeletal muscles (Labeit and Kolmerer. 
1995) and the other seven are expressed only in foetal muscles (Donner et al. 
2004). Since the molecular weight of nebulin in amphioxus striated muscles 
(750 kDa, Chapter 1) is slightly lower than that in human adult skeletal 
muscles (773 kDa, Labeit and Kolmerer 1995), the expression of one group of 
21 or 20 super repeats is possible in amphioxus nebulin. On the other hand, 
the expression of both groups of 21 and 20 super repeats is unlikely in 
amphioxus nebulin, because the length of thin filament (about 1 mm) in 
amphioxus striated muscle has similar length to that in human skeletal 
muscle (Hagiwara et al. 1971). My phylogenetic analysis showed that the 
N-RAP gene diverged from the amphioxus nebulin gene. This may mean that 
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one group of the super repeats expresses nebulin, whereas the other 
expresses N-RAP. Two unresolved issues for future studies are: the reasons 
for the presence of two groups of super repeats in the amphioxus nebulin 
gene, and identification of the group from these two groups that is expressed 
in amphioxus nebulin. 
All amino acid sequences in the super repeats from the amphioxus nebulin 
gene lack a WLKGIGW-motif, which is assumed to be a 
tropomyosin/troponin binding motif. However, because the second repeat in 
every repeat is more conservative than those between the super repeats of 
each group, this second repeat may be important for binding to the 
tropomyosin/troponin complex. 
 
5.3. Giant exon 
Here, I report the detection of a giant exon in amphioxus that encodes 98 
nebulin repeats and has unique sequences at the N- and C- terminals. The 
expression of this exon was observed in the EST sequence (BW855343). This 
giant exon does not exist in nebulin, nebulette or N-RAP genes of vertebrates. 
There are three possible reasons for the expression of this giant exon. The 
first possibility is that partial exons within the giant exon are expressed and 
play a role similar to that of the hot spot of alternatively spliced exons in the 
human nebulin C-terminus. The reason for considering this possibility is 
that this giant exon is inserted between the exons encoding Neb3/4 and 
Neb4/5 of the C-terminus of nebulin amphioxus (Chapter 1) and human 
nebulin, and that this region is a hot spot of alternatively spliced exons. The 
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second possibility is that this giant exon is expressed with other exons, 
especially with the SH3 domain, and it performs the functions of amphioxus 
nebulette, because like human nebulette, this giant exon has no super repeat. 
The third possibility is that only this giant exon is expressed, it performs 
functions specific to the striated muscles of amphioxus and these functions 
differ from those of nebulin, nebulette, N-RAP and Lasp-1. Future 
investigations of the expression and functional analysis of this exon should 
lead to new insights in amphioxus striated muscle. 
 
5.4. Gene separation 
It is believed that vertebrates have more genes than their closest 
invertebrate relatives (amphioxus) because of gene duplication (Holland et al. 
1994, 2003). This belief leads to the hypothesis that nebulette, N-RAP and 
lasp-1 genes emerged through nebulin gene duplication at an early stage of 
vertebrate evolution. This hypothesis is partially supported by the 
observation that the cardiac muscle of primitive vertebrates, such as jawless 
lamprey and hagfish, have nebulin, but that this nebulin has changed to 
nebulette in further evolved vertebrates, such as sharks (Fock and Hinssen 
2002). However, there is no direct evidence for this hypothesis at the gene 
level, and my results show that there are nebulette exons and possibly 
N-RAP exons in the amphioxus nebulin gene. Furthermore, other than the 
nebulin gene, I could not find genes corresponding to the production of 
nebulette, N-RAP or lasp-1 in the amphioxus genome. My results are the 
first direct data to support the fact that nebulin, nebulette, N-RAP and 
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lasp-1 are present in a single gene, and that these results will assist in the 
analysis of nebulin family evolution in vertebrates. 
 
6. Conclusion 
The amphioxus nebulin gene has many exons that are observed not only in 
vertebrate nebulin, but also in other nebulin family genes in vertebrates. 
Elucidation of this gene and its transcripts will lead to a better 
understanding of the evolution of nebulin family proteins and their 
functions. 
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Fig. 1 The structure of the amphioxus nebulin gene.The exons are shown as boxes 
and the introns as lines. Yellow boxes, untranslated regions; red, nebulin repeats; 
purple, LIM domains; dark orange, nebulin repeats (i.e. super repeat set 1); light 
orange, nebulin repeats (i.e. super repeat set 2); pink, a large exon with 98 nebulin 
repeats containing unique sequences at the N- and C-terminus; grey, unique 
regions; green, SH3 domain. Double solidus marks, connecting error sites of allelic 
scaffolds. Arrowheads, exons coding an isoform of nebulin (shown in Fig. 4). 
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Fig. 2 The connected sequence of amphioxus nebulin exons. The tyrosines conserved 
among the nebulin repeats are marked with black. The common amino acids 
conserved among super repeats of each group are marked with grey. LIM, LIM 
domain; Neb, nebulin repeat; SR01–42, super repeat 01–42; Uni, unique region; 
SH3, SH3 domain. The exons coded by Chapter 1 are shown as <Neb00/01> – 
<SH3>. Exon 270, which codes a unique sequence, but was not expressed in 
Chapter 1 was not added. 
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(SR38) LKYVQKVSAKSLSETDTPVMRRIKSLQEITSD--------NLYKEEAKEIVEKCCSQYPFTVEMERFEKLLELNDKASKLYKKDYEEERQKYHVYPDTPEVKRVIDAAILQSDAKYREKYEKEMKGKGNFPQHITPVY-ASQKEAAGLTDAVYSRDAREKMQEKSYKNFHESPLYRTLKDDTDMASMSNYVSDWEKRKVDYKVVSDTPDIKRVKKAGTLASPRTYVQKQEKYETVADTPANILANESGKLVGD 
(SR39) RHYKQVVKGKGIMDTDTPEMRKIKSLREITSD--------NIYKEEAKEIVEKCCTQYPFTVDMERFEKLMELMDQ--KRYKKNFEEERNNYHVYPDAPDIKRTLAMAQLYSDLKYKEIYESQIKGKGNFPQHITPVY-KSQIEAAKITDAVYKKDAHDEMQKKSYKNFHESPLYRTLKDDTDMASMTRYRDQYEKEKTNYKITTDTPDIKRVKKGGILASERLYKQKCDSYETVADTPANIHAKETGKLHSD 
(SR40) LPYSNRDAGTLRSVYRGQRFTPFDTPESNRLKSLRELASDNVYKEEAKELYEKCCTQFPYTVEMERLDKLKELYDK--GLYMKLVDEARQ-YHLFPDCPEVKRVIDADKIQSDLVYKKAY-EEARGKGYFKVTETPLYKTLVKAALDASPDHYSRQALTEMREKNYTAVHESPLYKMQKENTDNQSPHKYNKFPETRDNF-KTPVDTPDLKRVKKAGDIASEIKYQKDKQTEKYIPIADTVAVRHAQHMGEIQGY 
(SR41) LPYEKHDAGTVRARYRGQRFTPVDTPESNRLKSLKEIVSDTIYKEEAKEINEKCCSQFPLTPEMERFWRLQDLYSD--ADYRQKALDTRGDFHLYPDIPEFERLNKMNDVQSDLKYQERYMKELRGKGYKLTPDMPLYQRMKRVTAQNSDNVYKGEAKKLLGKSIDVTQTPEYARQQEAQKISSQ--SEYVAKDKERTHQYETTPDTPEYRRQRKVAKFTPDKAYQTAKPDLDKYHPVKDTPSNERADQAQKIQSD 
 
(Neb)  LWYQEQGRDLKGKAYTEVDTPVNRRVKSLQEITSD 
(Neb)  TFYKEEAQHLWHVACTQYPYTPDMERHEDNLRKFSD 
(Neb)  VLYKNKYEMNKHEYHPVPDSPELNLAKENAVRHSG 
(Neb)  FKYREKYEELKKKPKFNIAETQLYRRMRQVAADTCD 
(Neb)  DNYMGDYNKNIKGKGVANYAETPLYQRNKEAGDASSE 
(Neb)  LKYGKDLKKIREGKGYTPTADTPQHRHVKKMEEIQSS 
(Neb)  VKYPKALKDIAKYATVLDTPDNQRAISTYKNQST 
(Neb)  LYYGADAKNEMIGKAFKEVNETPASAHHKKVLDMSD 
(Neb)  VVYKDEAKRLHTVACTQYPYTPENLRMAELSRTQSD 
(Neb)  QMYKERGELEKHKYTTLANTPDLLHAKEVHDITSE       (Neb00/01) 
(Neb)  NKYKEEYNKERGKYSMVAQTPLYETAQKANKLTSE       (Neb01/02) 
(Neb)  TLYKKAYKALQGKGYALIDTPEFERCKQVNKLASR       (Neb02/03) 
(Neb)  TKYHEDYEKSKIKGYTPVVDTPENIRLRQQSKIQSQ      (Neb03/04) 
(Neb)  NEYQKGYKALAGKFSYTADNPEHNRIRSVSKIQSQ       (Neb04/05) 
(98 nebulin repeats with Unique sequence) 
(Neb)  IHYGHTRLEQHGQKYHAAIDDPELKRLQEVGKFQSQ      (Neb05/06) 
(Neb)  VLYGEIKDKDDASKGRGKYTTIQQDPEMKRLKEANAYASE  (Neb06/07) 
(Neb)  AQVAVRKFDEKNRYTTVLDDPELNRMKNVGKFQSE       (Neb07/08) 
 
 
 
 
 
(Neb)  LQYRDKKTRKTGARYTNVLDDPEMNRIKGVTKMLSE      (Neb08/09) 
(Neb)  VQYRDRELKAGRLTAVTDDLDTARVKRNTKIQSE        (Neb09/10) 
(Neb)  LQYRDEELKVGKLHVVTDDIDAERIRRNTKIQSE 
(Neb)  TLYRKDFSKGRGTFTGTNGIMDSLDYERIKRASKLCSE 
(Neb)  NEYRKGRKINMYNAVLDTPDMARIRNATKISSE         (Neb10/11) 
(Neb)  VKYHEDFEKQKGKAYHTVIDDPELTRVKKNTVIQSN      (Neb11/12) 
(Uni)  LAYQGVKEKLQTMESRRQMIPGEHPMPQPAGQQLGQMEARMAADASYAQFKAKGKGKVGG    (Neb12/Uni) 
(Neb)  RYMPIRLGDPGSIFDYEPYQGKEEAGRAIY            (Neb13) 
(Uni)  VTTATWKPAKPIRTIEDFVVEESTDVSAAKVEEAMEARDKLTEMDMEYERRQGEGLSYEYDPEKYSHHYWSKTTGELGGVVTTSGMKYRKIEDFLNLNADLIYTTENESSTRESASESSGMWDYDPDKYWKARGYRISAEQRYQQVRLKPGKIEDYDPMTHPDAQQPKFEAPAAVSEPEPTIQSG  (Uni) 
(SH3)  QNVMRAVFDYTAAEDDEISFMDGDVIVNCVKIDDGWMTGTVQRTGQSGMLPANYVEPMS      (SH3) 
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Fig. 3 The giant exon of 98 nebulin repeats with a unique sequence. The tyrosines 
conserved among the nebulin repeats are marked with black. Underlined area, 
coding site in a B. floridae neurula stage EST clone (DDBJ accession BW855343). 
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PPPIEEKSSSPQPVQASGGRLVKTGSYSSYQYEESVREVR 
SSTKQTIREVVSSDGKVISKQESEETSHAEASQARAKSET 
SRSDGKQTVTTKREAEESMQALEMQKKKKTTSGGVTTVEP 
TQGMRAMEMERKAKASTTVQQAVGAAMEVEPPPPIPPLPV 
EIGQVTIKQEPGTLRGISLKGVSKSRGGVKHTIKTTNALS 
EERSSQVTTSAMSEQRSSHVTTSSQSEQRASHVSSSSMSQ 
ERASHVATSAMTQERASHVSTSAMSQERASHVTSVRAAKA 
VHTGVTKKVESQPKIVVARRTETVKIQLPRGSRERVLRIK 
IRFGKKDKPNRLTAYAWSQLRWPAITEVKTQEDVSEDTRY 
VYILLKEISPDRVAKESCLRVQVPPVIEQSIMKISAETSR 
MLVQQQKVIYKAHERKYGSGQKYKFTVQQAVPPELDESPT 
LSARDAKSRFEMARAEELRQRRHVTRHEVGQMKEMFERGA 
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QVARQDIGQKKQLFEKVAEGHWASRYMDSDEGGEAPERPP 
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NKYQEEFEKNKGKYTTILFDPETERVQEVGKIQSN 
VEYQKAYHEMKGSYRTVTDDPESERLKSVSKWQSM 
SEYQKDFPSKFEGRPEYQSLAADKETLRIVDVTKLQSL 
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Fig. 4 A small transcript from the amphioxus nebulin gene. (A) Reverse 
transcriptase-polymerase chain reaction (RT-PCR) product using LIM and SH3 
domain primers. (B) Amino acid sequence of the RT-PCR product. (C) Domain 
structure of the RT-PCR product and the product’s homology with human Lasp-2. 
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Fig. 5 Phylogenetic analysis of nebulin family proteins. (A) Phylogenetic tree based 
on SH3 domains. (B) Phylogenetic tree based on LIM domains. Percentage derived 
from 1000 bootstrap probabilities. The scale bar is 0.1 estimated amino acid 
substitutions per site. 
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